Abstract Vitamin D reduces myocellular insulin resistance, but the effects of vitamin D on intramyocellular lipid (IMCL) partitioning are unknown. The purpose of this study was to understand how calcitriol, the active vitamin D metabolite, affects insulin sensitivity and lipid partitioning in skeletal muscle cells. C2C12 myotubes were treated with calcitriol (100 nM) or vehicle control for 96 h. Insulin-stimulated Akt phosphorylation (Thr 308) was determined by western blot. Intramyocellular triacylglycerol (IMTG), diacylglycerol (DAG), and ceramide content were measured by LC/MS. IMTG partitioning and lipid droplet accumulation were assessed by oil red O. Expression of genes involved in lipid droplet packaging and lipolysis were measured by RT-PCR. Compared to vehicle-treated myotubes, calcitriol augmented insulin-stimulated pAkt. Calcitriol increased total ceramides and DAG in a subspeciesspecific manner. Specifically, calcitriol preferentially increased ceramide 24:1 (1.78 fold) and di-18:0 DAG (46.89 fold). Calcitriol increased total IMTG area as assessed by oil red O, but decreased the proportion of lipid within myotubes. Calcitriol increased mRNA content of genes involved in lipid droplet packaging (perilipin 2; PLIN 2, 2.07 fold) and lipolysis (comparative gene identification-58; CGI-58 and adipose triglyceride lipase; ATGL,~1.80 fold). Calcitriol alters myocellular lipid partitioning and lipid droplet packaging which may favor lipid turnover and partially explain improvements in insulin sensitivity.
Introduction
Whole body vitamin D status is inversely related to insulin resistance (IR) [15] , and vitamin D repletion reduces whole body IR in humans [4, 39] . Skeletal muscle may account for up to 85% of insulinstimulated glucose uptake [11] and is, therefore, a major determinant of whole body IR. Zhou et al. [43] showed that calcitriol (1,25(OH) 2 D3), the active vitamin D metabolite, increases insulin sensitivity in myotubes exposed to high levels of free fatty acids, suggesting vitamin D may reduce whole body IR via effects on skeletal muscle. To date, the physiological mechanism for vitamin D-induced improvements in insulin sensitivity remains unknown.
Intramyocellular lipid (IMCL) content is closely associated with skeletal muscle IR [1, 8, 24] . Partitioning of IMCL between intramuscular triacylglycerols (IMTG), diacylglycerols (DAG), and ceramides [1, 22, 34] appears to be a major determinant of muscle IR. Interestingly, circulating levels of vitamin D have been positively associated with IMCL content in older adults [31] . Furthermore, it has previously been reported that low dose (10 nM) calcitriol increases lipid content of C2C12 myoblasts [32] . Together, these data suggest a paradoxical effect of vitamin D to concomitantly increase IMCL content and reduce myocellular IR. However, it is unknown how calcitriol affects lipid partitioning between IMTG, DAG, and ceramides and lipid droplet packaging within skeletal muscle cells and if changes in partitioning are related to improvements in insulin sensitivity.
Ceramides [1, 34] , a family of biologically active sphingolipids, and DAG [22] , which are proposed to accumulate during incomplete lipolysis of IMTG, are associated with myocellular IR. Interestingly, fatty acid chain length and saturation appear to be major determinants of ceramide and DAG function [20, 28] . Therefore, ceramide and DAG may affect muscle metabolism in a subspecies-dependent manner. Specifically, ceramides and DAG containing saturated fatty acids tend to increase IR [20, 28] . Therefore, it is possible that shifting subspecies of ceramides and/or DAG to favor those containing unsaturated fatty acids may be associated with improved insulin sensitivity. To date, the effects of vitamin D on expression of specific lipid subspecies remains unknown.
IMTG constitute the majority of IMCL and can serve as a readily available substrate for ATP production [1] . IMTG content is associated with IR [9, 37] in obese, but not endurance-trained [1, 12] , individuals, suggesting that total IMTG content alone does not induce IR. IMTG are stored within the highly specialized lipid droplet organelle [1] . It has been postulated that the specific proteins covering the lipid droplet may enhance lipolytic capacity [41] and protect against the development of IR [6, 10] . Perhaps the best described lipid packaging proteins are the perilipin (PLIN) family. PLINs associate with the lipid droplet and promote storage or lipolysis of the constitutive IMTG by repressing o r e n h a n c i n g a c t i v i t y o f l i p o l y t i c e n z y m e s . Overexpression of PLIN2 promotes increases in IMTG content and improves insulin sensitivity in vitro [6] . PLIN5 overexpression promotes both IMTG accumulation and lipolysis in skeletal muscle [40] . Calcitriol exerts genomic effects via the vitamin D receptor (VDR) to induce or repress gene transcription. To date, the effects of vitamin D on transcription of lipid droplet packaging and lipolytic genes are unknown.
The purpose of this study was to examine the effect of calcitriol on lipid partitioning and expression of genes involved in lipid droplet packaging and lipolysis within skeletal muscle cells as this may mechanistically explain the insulin sensitizing effects of calcitriol. We hypothesized that calcitriol would enhance myocellular insulin sensitivity concomitant with (1) a shift in ceramide and DAG subspecies content to favor those containing unsaturated fatty acids and (2) increased expression of genes involved in lipid droplet packaging (i.e., increased PLIN2 and 5) and lipolysis.
Methods
Cell culture C2C12 (ATCC type) myoblasts were cultured in DMEM with 10% FBS, 100 IU/ml penicillin/-streptomycin and maintained at 37°C and 5% CO 2 . Myoblasts were seeded at a density of 2.5 × 10 5 cells per well into six-well plates. Once cells were approximately 80% confluent, media was changed to low serum media (DMEM +2% horse serum) to induce differentiation into myotubes. Following 72 h of differentiation, media was supplemented with non-esterified fatty acids (250 μM palmitic acid and 250 μM oleate) conjugated to BSA (Sigma Aldrich). In our hands, failure to supplement media with fatty acids results in negligible accumulation of IMCL. These specific fatty acids were chosen because palmitic acid and oleate have been shown to be the most abundant lipid species found in human adipose tissue, circulating triacylglycerols, and circulating non-esterified fatty acids [21] and are the two most commonly consumed dietary fatty acids [13] . Furthermore, this lipid concentration has previously been shown to be a physiologically relevant concentration of non-esterified free fatty acids in mice [14] . Additionally, myotubes were treated with calcitriol (100 nM) or ethanol as a vehicle control. This dosage of calcitriol has previously been shown to maximally activate VDR in C2C12 myotubes [18] . All experiments were conducted following 96 h exposure to fatty acids and calcitriol.
Immunoblots
To verify that calcitriol improves insulin sensitivity in our model, immunoblots were performed for total and phosphorylated Akt (Thr 308) (cell signaling 9272 and 5110, respectively) following insulin treatment. Myotubes were treated with calcitriol for 96 h and stimulated with 100 μM insulin for 15 min. Myotubes were washed twice with PBS and proteins collected in RIPA buffer with protease and phosphatase inhibitors (Sigma Aldrich). Equal amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated overnight in primary antibodies against pAkt and total Akt. Specific bands were detected by enhanced chemiluminescence following treatment with HRP-conjugated secondary antibodies. Band density was measured using Image J software (NCBI).
Liquid chromatography-mass spectroscopy Myocellular DAG and ceramide subspecies content were measured following 96 h of calcitriol treatment by liquid chromatography-mass spectroscopy (LC/MS) as previously described [17, 25] . Samples were delivered to the University of Kentucky Small Molecule Mass Spectrometry Laboratory core facility where sample preparation and data collection were performed. The specific DAG subspecies measured were 8:0 In order to determine whether alterations in ceramide content were due to changes in ceramide synthesis, dihydroceramide (DH-cer) content was also measured. The specific DH-cer subspecies measured were 16:0, 18:0, 20:0, 22:0, 24:0, and 24:1. We also analyzed content of a subset of triacylglycerol subspecies by LC/MS. To control for differences in myocellular seeding density and/or size, LC/MS data were normalized to total phospholipid content as previously described [23] .
Oil red O
To determine the effects of calcitriol on lipid droplet size, oil red O (ORO) staining was performed following 96 h of calcitriol treatment as previously described [12, 19] . Briefly, myotubes were washed with PBS, treated with 4% paraformaldehyde, and incubated in 60% oil Red O for 10 min. After washing residual oil red O from myotubes, images were collected using an inverted microscope (Zeiss Observer D1) at 40× magnification. Using Image J software (NCBI), brightfield images were converted to threshold images, and the oil red O positive area was measured. Six images were collected from each condition.
Real-time PCR
Following 96 h of calcitriol treatment, total myocellular RNA was isolated by phenol-chloroform extraction and reverse transcribed to cDNA. Quantitative RT-PCR (ABI 7900, SYBRgreen chemistry) was performed using selfdesigned primers (NCBI algorithms) for the lipid packaging genes PLIN2 and 5, and the lipolytic genes comparative gene identification-58 (CGI-58), adipose triglyceride lipase (ATGL), and hormone-sensitive lipase (HSL). Primers used in the present study are listed in Table 1 . Primer specificity was confirmed by dissociation curve for all genes tested. Relative gene expression was normalized to the endogenous control gene large ribosomal protein (RPLPO), which was unchanged by calcitriol treatment. Relative gene expression was calculated using the ΔΔCt method.
Statistical analysis
All experiments were conducted with n = 3 unless otherwise noted. Data are presented as mean ± SE. Statistical comparisons were made using t test with α = 0.05, using GraphPad Prism 6. Insulin-stimulated pAkt immunoblots were analyzed by two-way-ANOVA with (Sidak post-test) α = 0.05, using GraphPad Prism 6.
Results
Calcitriol increases insulin sensitivity in myotubes exposed to a high fat environment
We first wanted to determine how calcitriol affects myocellular insulin sensitivity in myotubes exposed to a high fat environment. Therefore, we performed immunoblots for total and phosphorylated (Thr308) Akt following 15 min of insulin stimulation (Fig. 1a) . Under basal conditions, no difference in pAkt/tAkt ratio was noted between vehicle-and calcitriol-treated myotubes. Insulin significantly increased pAkt/tAkt ratio in both vehicle-and calcitriol-treated myotubes (Fig. 1b) . Akt phosphorylation (pAkt/tAkt ratio) was significantly (1.93 fold) higher in calcitriol + insulin-treated cells than in vehicle + insulin-treated cells. These results are consistent with enhanced insulin sensitivity following calcitriol treatment. Calcitriol increases ceramide content in a subspecies-specific manner
Since ceramides appear to be major drivers of myocellular IR, we next sought to determine how calcitriol affects ceramide content in cultured myotubes. As shown in Fig. 2a , calcitriol significantly increased total ceramide content (1.22 fold, p = 0.019). Content of ceramides containing saturated fatty acids was not significantly altered by calcitriol treatment (Fig. 2b) . However, content of ceramides containing unsaturated fatty acids was significantly increased (1.30 fold, p = 0.013) (Fig. 2c) . Examination of specific ceramide subspecies revealed that only Cer-24:1 was significantly altered by calcitriol treatment (1.30 fold increase, p = 0.026) (Fig. 2d) . Additionally, we noted that expression of Cer-14:0 (p = 0.107) and Cer-20:0 (p = 0.117) trended toward decreasing with calcitriol treatment. However, Cer-24:0 (p = 0.082) trended toward increasing in response to calcitriol. These data indicate that calcitriol affects ceramide content in a subspecies-specific manner.
Calcitriol treatment increases intramyocellular DAG content
Due to previous reports indicating myocellular DAG contribute to IR, we next quantified total and subspecies-specific content of DAG by LC/MS. As shown in Fig. 3 , calcitriol significantly increased total DAG (1.87 fold, p = 0.0002, Fig. 3a ), saturated DAG (2.17 fold, p = 0.0005, Fig. 3b ), and DAG containing one unsaturated and one saturated fatty acid (mixed DAG) (1.49 fold, p = 0.0002, Fig. 3c ). As shown in calcitriol was substantially greater than any other subspecies measured. These data indicate that calcitriol increases content of saturated and mixed DAG in cultured myotubes.
Calcitriol increases IMTG area but not content
To assess IMTG in response to calcitriol, we measured IMTG content (LC/MS) and area (ORO). As shown in Fig. 4c , calcitriol significantly increased ORO positive area. However, there appeared to be a divergent response between myoblasts and myotubes. ORO positive area was significantly increased in myoblasts, but decreased in myotubes, treated with calcitriol (Fig. 4d) . 
Calcitriol increases expression of genes involved lipid droplet packaging and lipolysis
It has previously been suggested that altering lipid droplet packaging and lipolysis may protect against myocellular IR [6] . Since many of the effects of calcitriol are mediated by VDR-induced gene transcription, we next sought to understand how calcitriol affects expression of genes involved in lipid droplet packaging (PLIN2, and PLIN5) and lipolysis (CGI-58, ATGL, HSL). Calcitriol significantly increased mRNA content of the lipolytic genes CGI-58 (1.84 fold) and ATGL (1.80 fold), but not HSL (Fig. 5a ). Additionally, calcitriol significantly increased mRNA content of the lipid packaging gene PLIN2 (2.07 fold), but not PLIN5 (Fig. 5b) , indicating calcitriol may alter lipid droplet packaging.
Discussion
IMCL partitioning, packaging, and metabolism have been linked to myocellular IR. Here, we explored the effect of calcitriol on IMCL partitioning and expression of genes involved in lipid droplet packaging and lipolysis. To our knowledge, this is the first study to specifically examine the effects of calcitriol on lipid partitioning and packaging. The novel findings of this study are that, concomitant with enhanced insulin sensitivity, calcitriol increases myocellular ceramide and DAG content in a subspecies-dependent manner and increases expression of genes involved in lipid droplet packaging and lipolysis in skeletal muscle cells cultured in a high fat environment. These results may begin to broaden our understanding of the insulin sensitizing effects of calcitriol in human skeletal muscle. Circulating 25(OH)D, an indicator of whole body vitamin D status, is associated with IMCL content in elderly adults [31] . Additionally, Ryan et al. [32] demonstrated that calcitriol augments lipid accumulation within C2C12 myoblasts. Given the association between IMCL content and myocellular IR [27, 38] , these findings appear to conflict with data indicating vitamin D reduces IR. However, previous reports indicate that individual DAG and ceramides subspecies have different physiological effects [20, 28] . Therefore, it is possible that individual IMCL subspecies may be a more important determinant of IR than total IMCL content. Our data clearly show that calcitriol increases specific subspecies of DAG and ceramides and alters expression of lipid droplet packaging genes in a manner which does not negatively impact myocellular insulin sensitivity.
In the present study, calcitriol increased total myocellular ceramide content. Ceramides are known to inhibit PI3K-mediated Akt phosphorylation [5, 35, 42] . However, Brown et al. [7] demonstrated that increased ceramide levels in the liver did not impair insulin sensitivity, suggesting that ceramide subspecies composition, rather than total ceramide content, may be a more important determinant of IR than total ceramide content. Indeed, ceramide subspecies have varying physiological effects based on fatty acid chain length and saturation [20] . In the present study, we hypothesized that calcitriol would shift ceramide subspecies content to favor those containing unsaturated fatty acids. Although calcitriol did not decrease the content of ceramides containing saturated fatty acids, calcitriol specifically increased content of Cer-24:1. This shift in ceramide subspecies content partially confirms our hypothesis. Although specific ceramide subspecies have been linked to various disease states [20] , the contribution of specific ceramide subspecies, if any, to skeletal muscle IR remains unknown. Argraves et al. [2] found an inverse relationship between Cer-24:1 in serum high density lipoprotein (HDL) and ischemic heart disease and noted that Cer-24:1 may contribute to the protective role of HDL in the disease process. It is possible that, unlike other ceramide subspecies, Cer-24:1 may enhance myocellular insulin sensitivity. Indeed, it has previously been demonstrated that very long chain length ceramides (> 22C) are associated with improved insulin sensitivity and glucose homeostasis in liver cells [29, 30] . A similar mechanism may regulate insulin sensitivity in skeletal muscle cells. In addition to our observed increase in Cer-24:1, we noted trends for decreased content of Cer-14:0 and Cer-20:0, and concomitantly increase content of Cer-24:0. Although these trends were not statistically significant, the divergent response between short and long fatty acid chain ceramides agrees with recent reports that short and long chain ceramides differently affect insulin responsiveness [26, 29, 30] . Recently, Koch et al. [26] reported that vitamin D therapy specifically increased content of Cer-18:0 in circulation, which supports our finding that calcitriol alters ceramide content in subspecies-dependent manner. Future research should be aimed at determining the specific role ceramide subspecies in calcitriol-induced myocellular insulin sensitivity.
In addition to ceramide accumulation, myocellular DAG have previously been associated with IR [3, 27] . We assessed myocellular DAG content and found that calcitriol treatment increased content of total, saturated, and mixed DAG. Interestingly, in our study, myotubes showed enhanced insulin sensitivity despite increases in DAG. Compared to sedentary individuals, total and mixed DAG content has been shown to be higher in endurance-trained athletes than their sedentary counterparts [1] . Interestingly, these athletes displayed exceptionally high levels of di-18:0 DAG. In the present study, calcitriol preferentially increased content of DAG containing di-18:0. It is possible that increases in DAG, especially, those containing di-18:0, may be one mechanism by which calcitriol improves skeletal muscle metabolic function. Together, these data suggest intramuscular di-18:0 DAG content may be an important determinant of insulin sensitivity. Future research should aim to determine the physiological roles of specific DAG subspecies, particularly regarding IR. Additionally, we found calcitriol did not significantly increase total myocellular IMTG content. Although calcitriol increased total ORO positive area, we observed a non-significant trend for calcitriol to decrease IMTG content assessed by LC/MS. Interestingly, calcitriol decreased ORO positive area of myotubes and increased ORO positive area of the less metabolically active myoblasts, indicating a repartitioning of lipid droplets between multi-and mono-nucleated cells. It is possible that IMTG content, specifically found in myotubes, may have been decreased following calcitriol treatment.
We further report that calcitriol increases gene expression of PLIN2 which is consistent with our finding of increased ORO positive area and supports our hypothesis that calcitriol would increase expression of genes involved in lipid droplet packaging. PLIN2 knockdown increases lipid droplet size, effectively minimizing the surface area-to-volume ratio of available lipid droplets [6] . Therefore, it appears that increasing expression of PLIN2 may reduce lipid droplet size, thus maximizing surface area of lipid droplets. Increased lipid droplet surface area-to-volume may increase access of lipolytic enzymes to enhance IMTG lipolysis and mobilization of fatty acids from constituent IMTG. In addition to its apparent effects on lipid droplet surface area, PLIN2 overexpression has been shown to prevent palmitate-induced IR, despite increased total ceramide content within skeletal muscle [6] . Therefore, it is possible the PLIN2 contributes to calcitriolinduced enhancement of insulin sensitivity in high fat-treated myotubes by controlling lipid droplet size.
Previous reports have shown that exercise-induced increases in IMTG content are due to increased lipid droplet number, but not size [36] . Furthermore, Shepherd et al. [33] found that PLIN2 containing lipid droplets were preferentially used during 1 h of moderate-intensity cycling suggesting that increased PLIN2 expression may increase the ability of these lipid droplets to undergo lipolysis. Therefore, calcitriolinduced increases in PLIN2 may serve to enhance lipolysis and subsequent lipid oxidation. We show here that, in addition to increased PLIN2 expression, calcitriol increased gene expression of the lipolytic genes ATGL and CGI-58. These findings point to both increased lipid storage and lipolysis after calcitriol treatment, suggesting an increase in lipid flux and, by association, a decrease in lipid-mediated pathologies [16] . To confirm this, future research should examine how calcitriol affects the composition and dynamics of lipid droplets in addition to lipid flux and storage in response to lipid-induced cellular stress.
In conclusion, our data demonstrate that calcitriol elicits numerous, distinct effects on myocellular lipid partitioning and lipid packaging potential including altering IMCL subspecies content, partitioning of IMTG between myotubes and myoblasts, and increasing expression of genes involved in lipid droplet packaging and lipolysis. These specific effects on myocellular lipid partitioning and packaging may play a role in enhancing insulin sensitivity during high fat exposure such as in obesity or in aging, disease, and muscle disuse where muscle lipotoxicity contributes to IR.
